Ionic liquids (ILs) are organic salts in the liquid phase at room temperature, with the direct result that they have high ionic strength, low volatility, high temperature stability, and inflammability.^[@ref1],[@ref2]^ This has allowed them to find excellent use in energy harvesting and storage technologies, as well as promising switchable lubrication in nanoconfinement. For these applications, one of the most important properties of ILs is their interfacial behavior: It is well accepted that they form discrete molecular layers at solid/liquid interfaces, formed through the disruption of hydrogen-bonded networks within the liquid, for example.^[@ref3]−[@ref14]^ The intricate near-wall behavior of the ions then plays a governing role in interlayer slip, as well as in controlling accessibility to an underlying electrode for electron transfer.^[@ref2],[@ref15]−[@ref17]^

Despite the vast literature base on IL ordering in the near-wall region, investigations have so far been almost exclusively related to *pure* ILs. However, in real applications, it is unlikely that ILs would be used in their pure form. The high viscosity counteracts the high ion concentration, so the overall electrical conductivity is relatively low.^[@ref18]^ Furthermore, pure ILs remain economically unfeasible. This means that the future will depend more heavily on dilute ILs, which are relatively inexpensive and overcome the practical limitations listed above. To date, only a small number of studies in the literature have focused on the interfacial behavior of dilute ILs, but, even then, most use water or acetonitrile (ACN) as the solvent.^[@ref19],[@ref20]^ These solvents are both highly volatile and limited in electrochemical window (ECW),^[@ref21]^ which means that they are not desirable because they remove the main reasons for choosing ILs as electrolytes in the first place. A possible way forward is to use dilute ILs but with a solvent that has a low volatility and large ECW. Dimethyl sulfoxide (DMSO) is one such solvent. It is polar and aprotic and overcomes the limitations of both ACN and water in terms of both volatility and ECW.^[@ref21]−[@ref23]^ Further, it is miscible with a wide range of ILs, hence offering great practicality for applications.

Here, we use force--distance (FD) spectroscopy with an atomic force microscope (AFM) to study the near-wall structure of the ILs 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (\[Emim\]^+^\[NTf~2~\]^−^), 1-ethyl-3-methylimidazolium dicyanamide (\[Emim\]^+^\[DCA\]^−^), and 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (\[C~4~mpyr\]^+^\[NTf~2~\]^−^), solvated by DMSO, on a mica wall. Mica was chosen as the substrate because it is atomically flat with a well-defined charge per unit area. It has an octahedral crystal structure, with the unit cell parameters *a* = 0.519 nm, *b* = 0.901 nm, and *c* = 2.00 nm. In its fully dissociated condition, it contains an average area per negative charge site of 0.47 nm^2^ (approximate surface charge of 2 e/nm^2^).^[@ref24]^ However, the surface charge of mica in ionic liquids is still not truly known. According to recent electrical double layer potential measurements using surface force apparatus, the calculated surface charges of mica at 22 °C in the ionic liquids \[C~2~mim\]^+^\[NTf~2~\]^−^ and \[C~3~mim\]^+^\[NTf~2~\]^−^ are 0.28 C/m^2^ (∼1.76 e/nm^2^) and 0.19 C/m^2^ (∼1.16 e/nm^2^), respectively.^[@ref25]^ From these values, it is clear that the mica surface in pure ionic liquids is close to fully dissociated. The three ILs were chosen to allow conclusions to be drawn on the effects of both cations and anions. We found nonlinear near-wall structural changes upon dilution that appear to correlate with solvent molecules initially space-filling and solvating and later disrupting the ionic layers.

We begin by presenting the FD spectroscopy data for the 100%, 50%, and 0% mixtures of \[Emim\]^+^\[NTf~2~\]^−^ with DMSO in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04843/suppl_file/jp7b04843_si_001.pdf) for all dilutions studied for each of the ILs). The *x* axes represent the separation between the substrate and AFM tip, with the substrate located at 0 nm. The *y* axes represent the tip--sample interaction due to the squeeze film of IL between tip and wall, that is, the force (sometimes referred to as the structural force) exerted by the liquid on the AFM tip. As the tip approaches the wall, a series of discrete steps occurs, corresponding to ordered layers of liquid molecules on the mica surface. The fact that this near-wall molecular ordering can be seen is because it exhibits quite a large degree of rigidity: To push through each layer, the AFM cantilever must bend to store sufficient (elastic) energy to rupture the layer; then the liquid molecules "pop" out, and the tip jumps to the next layer.

![(A--C) Force--distance spectroscopy of \[Emim\]^+^\[NTf~2~\]^−^/DMSO mixtures, at IL concentrations of (A) 100%, (B) 50%, and (C) 0%. Discrete molecular layers of the liquids form on the mica wall and extend several nanometers into the bulk. (D--H) The molecules used in this study are (D) \[Emim\]^+^, (E) \[C~4~mpyr\]^+^, (F) \[NTf~2~\]^−^, (G) \[DCA\]^−^, and (H) DMSO.](jp-2017-04843d_0001){#fig1}

Liquid layering occurs in both ILs and DMSO because the molecules are templated by the underlying atomically smooth crystal structure of mica.^[@ref26]^ We plot the number of layers observed for each of our IL dilutions in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A. The first data we describe are for the pure systems, namely, the pure ILs at a concentration percentage of *X*~IL~ = 1 and the pure solvent at *X*~IL~ = 0. In all cases, the pure liquids form several well-ordered layers. However, it is surprising that the different ILs exhibit different numbers of layers. We naïvely expected the first layer to be predominantly filled with cations (due to the dissociation of K^+^ ions from the mica surface) and to template subsequent layers. This would intuitively lead to the two ILs with similar cations (\[Emim\]^+^\[NTf~2~\]^−^ and \[Emim\]^+^\[DCA\]^−^) exhibiting similar near-wall structures. In reality, however, we found that \[Emim\]^+^\[NTf~2~\]^−^ forms six layers whereas \[Emim\]^+^\[DCA\]^−^ only forms three. This is a strong indication that the co-ion plays a key role in the layer formation, even when charge screening is required, hinting that templating is more important than charge screening as a driving force for the molecular ordering. The third IL (\[C~4~mpyr\]^+^\[NTf~2~\]^−^) sits between the other two in terms of the number of layers it creates in its pure form, exhibiting five distinct layers on mica. It could be that the *ratio* of cation size to anion size governs the number of layers. This is certainly true for our three ILs, with the more equally sized systems exhibiting more layers than the less equally sized systems, but the complex geometries of the different molecules, as well as the position of the valency along the molecule, must also be taken into account for a full description of this observation.

![(A) Number of layers and (B) average layer thickness as a function of IL mole fraction. The average layer thickness is calculated from the first three layers. The mixtures have fewer of layers at medium dilutions because of structural switching from high to low IL concentration.](jp-2017-04843d_0002){#fig2}

As we began to dilute the ILs, we found the surprising result that the number of ordered liquid layers *increased*. By comparing the *X*~IL~ = 1 data to the *X*~IL~ = 0.9 data, one can immediately see that the number of layers of \[Emim\]^+^\[DCA\]^−^ increases from three to four, whereas the number of layers of \[C~4~mpyr\]^+^\[NTf~2~\]^−^ increases from five to six. This observation was unforeseen: We expected the addition of solvent to *disrupt* the near-wall molecular ordering of the IL, that is, to reduce the layering effect, not enhance it. We imagine that this is due to solvation of the cations in the first layer by DMSO molecules. Anions would not sit preferentially in the first layer, which should be cation-rich for charge-screening purposes,^[@ref11],[@ref12],[@ref27]^ but also the cations would not be immediately adjacent to each other either because of electrostatic repulsion.

Also, working from the pure DMSO case, where one can see five distinct molecular layers form on the mica, adding a small amount of IL disrupts these layers slightly, and the number of layers drops from five to four for the two \[Emim\]^+^ ILs. It is clear that layer enhancement should not occur during the dilution of the pure DMSO: It has only one molecule type, and it can pack very well. Any disruption of this ordering should reduce the overall near-wall preferential ordering. Why do the \[Emim\]^+^ ILs show a larger effect than \[C~4~mpyr\]^+^? We believe that the cation charge location is more accessible to the electronegative oxygen of the DMSO on the \[Emim\]^+^ ion than on the \[C~4~mpyr\]^+^ ion, allowing the imidazolium ion to penetrate deeper into the layered structure and thus provide more disruption.^[@ref28],[@ref29]^

In addition to the number of layers, the average layer thickness also provides information on the local packing; see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. For all pure ILs, the first few layers are slightly thinner than the bulk ion-pair dimensions (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04843/suppl_file/jp7b04843_si_001.pdf)), but it is also clear that the specific orientation of the cation in the first layer changes depending on the type of anion. As we diluted the ILs, the two imidazolium liquids retained their "pure" layer thickness until a mole fraction of ∼0.5. Below this mole fraction, the layer thickness drops linearly until the pure DMSO is reached at *X*~IL~ = 0. The near-wall structure of the pyrolidinium liquid actually swells during initial dilution, but then it also drops linearly in the weak dilution limit. This linear drop-off is different from the case of the solvent propylene carbonate (PC).^[@ref30]^ Mixtures of \[C~4~mpyr\]^+^\[NTf~2~\]^−^ and PC on mica exhibit a steplike switch in near-wall geometry with concentration, which indicates that the dependence of local ordering on dilution is solvent-specific.

We now understand that DMSO preferentially solvates cations over anions and that this leads to an enhancement of molecular ordering of ILs on mica for highly concentrated solutions, crossing over to full solvent ordering at weak dilutions. This would be confirmed by an increase in the force required to rupture the near-wall ordered layers as solvent is added. The rupture forces of the first three layers are plotted as a function of IL mole fraction in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Among these layers, we expect the first layer immediately adjacent to the mica to be heavily influenced by the surface charge ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), that is, electrostatic interaction might be a significant contributory factor for the layer strength of the first layer. In this respect, considering the pure ILs (*X*~IL~ = 1), it is perhaps unsurprising that the two \[Emim\]^+^ cations exhibit the same rupture force, within the error, indicating that the anion is less important in the packing structure in the first layer. The third pure IL, with the pyrolidinium cation, exhibits a smaller rupture force for the first layer than the two imidazolium ILs, and we interpret this effect as resulting from the bulkiness of the ion disrupting packing with its neighbors in the plane.

![Average rupture force required for pushing through (A) the first layer (innermost), (B) the second layer, and (C) the third layer, at corresponding mole fraction. Each data point was averaged over 20 force--distance curves at the highest force of each layer.](jp-2017-04843d_0003){#fig3}

Now, we turn to the dilute ILs. The common behavior for the first layer of all three ILs is that the rupture force (i) increases when a small amount of DMSO is added, (ii) decreases at medium concentrations, and (iii) then increases again in the very dilute regime. All of these observations agree with our discussion earlier in the article regarding the solvent sitting in voids between adjacent ions at the wall. For example, the initial increase in rupture force upon a small addition of solvent is fully supported if the solvent molecules do indeed sit in the voids, thus increasing the layer packing through space-filling. At mixtures closer to 50:50 composition, the local packing strength is lost as the liquid become more anisotropic, whereas at weaker dilutions, the strong DMSO packing leads to an increase in strength once more.

The rupture force for the second and third layers exhibits the same overall trend as that for the first layer, with an initial increase in force from a small addition of solvent, then a decrease at intermediate mixture compositions, and then an increase again at almost pure DMSO. The same argument for this behavior in the first layer also holds for these two subsequent layers, but now, \[Emim\]^+^\[NTf~2~\]^−^ is overall stronger than both of the other two ILs. This indicates that the packing beyond the first layer is governed primarily by neither the cation (where we would imagine similarity between \[Emim\]^+^\[NTf~2~\]^−^ and \[Emim\]^+^\[DCA\]^−^) nor the anion (where we would imagine similarity between \[Emim\]^+^\[NTf~2~\]^−^ and \[C~4~mpyr\]^+^NTf~2~\]^−^). Instead, we believe that ion pairs are the main constituents that give these layers their strength, with or without solvent, and any additional interactions between the dense electron cloud on the oxygen of the DMSO and the \[Emim\]^+^ cation is now only secondary.

In summary, we measured the layering structure of the ILs \[Emim\]^+^\[NTf~2~\]^−^, \[Emim\]^+^\[DCA\]^−^, and \[C~4~mpyr\]^+^\[NTf~2~\]^−^ on mica as a function of dilution with DMSO over the full range of concentrations using FD spectroscopy. We found that the number of ordered liquid layers, layer thickness, and rupture force vary with the mole fraction of IL in DMSO. A small amount of DMSO can increase the strength of the layers. Adding more DMSO leads to a structural crossover from a well-ordered IL structure to a well-ordered solvent structure, with the second chemical species acting as point defects disrupting this structure at low concentrations, but this crossover is not switch-like as in the case of the solvent PC. One possible interpretation of our results is that the DMSO solvates the cations and fills the free volume between the IL molecules, with these stronger layers then able to template liquid further into the bulk. This speculative interpretation would explain the observations presented here, but it is clear that extensive (molecular dynamics) computation is required for a full understanding.

We believe that our observations are highly relevant for controllable lubrication in nanoconfinement (e.g., nanofluidics, nanoslits, nanopores) where the interplay of adjacent molecular layers can either enhance or restrict local flow properties. We also see relevance in ionic liquid energy technologies where we expect solvation to prove useful for optimizing electrical conductance, for example, but where "crystallization" of solvent must be avoided.

Experimental Section {#sec2}
====================

We used mica (Bruker) as the substrate, which we freshly cleaved immediately prior to use. The ILs were \[Emim\]^+^\[NTf~2~\]^−^, \[Emim\]^+^\[DCA\]^−^, and \[C~4~mpyr\]^+^\[NTf~2~\]^−^ (\>99%, Merck Millipore), used as received from the manufacturer. These ILs were mixed with anhydrous dimethyl sulfoxide (DMSO) (\>99.9%, Sigma-Aldrich) to form mixtures with IL mole fractions of 1, 0.9, 0.75, 0.5, 0.25, and 0.1 These mole fractions correspond to number density ratios of IL molecules to total molecules in the mixture. All chemicals were kept and prepared in an MBraun LABmaster glovebox, filled with purified nitrogen, and we performed all experiments at 25 °C.

We measured the near-wall ion ordering with force--distance (FD) spectroscopy using an Asylum Cypher AFM (Santa Barbara, CA). For each IL dilution, we deposited a droplet of ∼80 μL on the mica and immediately started measuring. The AFM was placed on a vibration-free bench in the laboratory environment, and each measurement typically took less than 1 h.

The cantilevers were Au-coated Si~3~N~4~ (ORC8, Bruker). The spring constants, *k*~s~, were measured to be between 0.4 and 0.7 N/m, and the tip radius of curvature, *R*, was quoted to be 15 nm by the manufacturer. To obtain the force curves, the AFM tip was moved toward the surface using a piezo with the speed of 5 nm/s until a predefined trigger point was reached. The voltage of the approach piezo versus deflection of the cantilever measured using a photodiode were converted into tip--wall separation versus force in the usual way. Twenty force curves were collected for each liquid mole fraction in our experiment, and these are plotted as histograms in this article. (As a note, when we discuss the number of layers, this is clearly the number of layers *within our resolution*, which is approximatley 100 pN. We imagine that other layers might exist below this measurement resolution.)

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.7b04843](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b04843).FD data for all dilutions of all ILs used in this study. Tabulated data of ion sizes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04843/suppl_file/jp7b04843_si_001.pdf))
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